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Abstract 
The surface electronic structure of ZnO nanoparticles has been studied with photoemission 
and x-ray absorption spectroscopies. Contrary to expectation, ZnO:Zn phosphor nanoparticles 
were found to contain a lower oxygen vacancy density on the surface than undoped ZnO 
counterparts, but oxygen vacancies are in different chemical environments. 
Cathodoluminescence shows strong green luminescence from the ZnO:Zn surface, while the 
undoped nanoparticles exhibit only the near-band-edge emission. The results indicate the 
involvement of surface oxygen vacancies in the previously unexplained green luminescence 
from the ZnO:Zn material.  




Characterisation of electronic structure is important for understanding the properties and 
reactivity of solid surfaces. For nanoparticles the contribution of surface to their electronic 
and optical properties is expected to be significant because of their large surface to volume 
ratio. ZnO nanoparticles are currently of technological importance and considerable scientific 
interest. A substantial number of published papers have dealt with the fabrication of ZnO 
nanostructures and their applications such as catalysis, UV-light emitters and transparent 
high-power electronics [1]. Recent theoretical calculations and existing models of methanol 
synthesis using ZnO nanocatalysts suggest that oxygen vacancies on the ZnO surface could 
act as active sites for CO and CO2 chemisorption during methanol synthesis [2, 3]. In addition, 
surface defects and impurities have been reported to quench the excitonic luminescence of 
ZnO [4, 5] since they can act as trapping centres to compete with the near-band-edge (NBE) 
emission. These studies indicate that key properties of ZnO nanostructures may depend 
critically on their surfaces.  
 
Strunskus et al. [6] have studied the valence band structure of ZnO powders using x-ray 
emission spectroscopy. This technique, however, is not a surface-sensitive probe because of 
the large mean free path of x-ray photons in matter and consequently all recorded spectral 
data are dominated by bulk contributions. A key question to address is to what extent the 
surface electronic structure of ZnO nanoparticles affect their luminescent properties. In this 
letter, we report on the electronic structure of undoped ZnO and ZnO:Zn phosphor 
nanoparticles studied with surface science techniques.  
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The undoped ZnO nanoparticles with an average diameter of 25 nm were chosen for this 
study to provide a large surface area-to-volume ratio without introducing quantum size effects 
since the particle size is much larger than the Bohr radius of 2.34 nm [7]. The specimen was 
obtained from Advanced Nanotechnology Ltd, Australia who fabricate the nanoparticles 
using a mechanochemical-processingTM technique. The ZnO:Zn phosphor nanoparticles with 
an average diameter of 500 nm (Phosphor Technology Ltd., England) was obtained by 
annealing ZnO in a Zn atmosphere. Photoemission spectroscopy and x-ray absorption near-
edge structure (XANES) were conducted on the low-energy spherical grating monochromator 
(LSGM) and wide-range SGM (24A) beamlines at the National Synchrotron Radiation 
Research Centre (Taiwan, ROC). The XANES spectra were recorded in the surface-sensitive 
partial electron yield (PEY) mode with a retardation voltage of -100 V. Because the probing 
depths of XPS and XANES (PEY mode) are similar (typical probing depth is < 5 nm), it is 
attractive to use these techniques as complementary tools to investigate the electronic 
structure and chemical states of O and Zn atoms on the surface. For each sample, several 
scans were registered on the same spot in order to monitor x-ray beam damage; however, no 
significant changes within the measurement time (approximately 10–15 minutes) were 
detected. To investigate the depth-dependent luminescence properties of the nanoparticles, 
cathodoluminescence (CL) spectra were collected using a FEI Quanta 200 SEM equipped 
with a Gatan MonoCL3 system.  
 
CL spectra of the nanoparticles, corrected for system response, obtained at 300 K are shown 
in Figure 1. The spectrum was acquired from the ZnO:Zn surface by using a minimum 
accelerating voltage of 200 V, which corresponds to an excitation depth of < 1 nm. The 
spectrum exhibits a broad green emission peak which can be fitted by two Gaussian 
components centred at 2.50 eV and 2.26 eV, which have been recently attributed to radiative 
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recombination involving surface oxygen vacancies [8]. In contrast, an accelerating voltage of 
4 kV was required to produce sufficient signal from the undoped ZnO nano-particles, 
suggesting the presence of a greater number of non-radiative centres or a surface dead layer. 
In addition, its CL emission spectrum is dominated by a near-band-edge (NBE) emission at ~ 
3.3 eV, the green emission is negligible.  
 
XPS survey spectra of the nanoparticles revealed only zinc and oxygen signals and no other 
impurities were detected. The O/Zn atomic ratios of the undoped and ZnO:Zn nanoparticles, 
computed using the peak areas of O 1s and Zn 2p3/2, are 0.67 and 0.92 (± 0.10 uncertainty), 
respectively. The O/Zn ratio for the undoped nanoparticles is significantly smaller than unity, 
suggesting that their surface is non-stoichiometric with a large oxygen deficiency. At first 
sight, these results appear surprising given the expectation that the ZnO:Zn nanoparticles 
would be more oxygen deficient. However, it is entirely consistent with a detailed analysis of 
the O 1s spectrum. It is well known that the Zn 2p doublet is not highly sensitive to its atomic 
state [9], while the shift of O 1s level due to the chemical environment of the atom could be 
several eV. Figure 2 compares the O 1s spectra of the undoped ZnO and ZnO:Zn 
nanoparticles. The binding energy scale was referenced to the Au 4f7/2 at 84.0 eV. It is clear 
that the O 1s line shapes of the two specimens differ substantially on the high-binding-energy 
side of the peak. The O 1s line shape of the undoped ZnO is similar to those of hydroxylated 
ZnO surfaces [10] and can be resolved by a Lorentzian fitting distribution into two peaks at 
530.6 and 532.9 eV (inset of Figure 2). The dominant peak at 530.6 eV is associated with the 
O2- ion in ZnO, while the 532.9 eV has been attributed to zinc oxyhydroxide [ZnO(OH)] and 
suboxides of ZnO [10, 11]. The XPS results show that the undoped ZnO surface is in a large 
oxygen-deficient state and confirm the existence of a surface dead layer of luminescence as 
observed by CL.  
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Figure 3 presents the valence band spectra of the undoped and ZnO:Zn nanoparticles together 
with that of a clean ZnO(0001) single crystal [12] (MTI Corp., USA) for comparison. The 
valence band of the single crystal spectrum exhibits three main features centred at 10.5, 7.6 
(labelled B) and 4.5 eV (labelled A), which have been assigned to Zn 3d, mixed Zn 4s – O 2p 
and O 2p states, respectively [13, 14]. All the spectra inhibit the same spectral onset at 2.4 eV 
below the Fermi level, EF (estimated by a linear extrapolation of the leading edge of the 
valence band [15]). There are significant differences in the overall spectral shape of the 
nanoparticles. Peaks A and B both shift to higher binding energies while the energy difference 
between the features is smaller than that of the crystal. It is worth noting that the ZnO 
nanoparticles are not subject to the same treatment in ultrahigh vacuum as the ZnO single 
crystal, thus the atomic structure of their surfaces is expected to be considerably different 
from that of the crystal. In comparison with the crystal, the most pronounced difference is the 
reduction in the Zn 3d intensity for the nanoparticles and the enhancement of the valence 
band region at 5 – 7 eV for the ZnO:Zn nanoparticles, which is likely due to an increased Zn 
4s – O 2p hybridisation. This again indicates that surface oxygen atoms in ZnO:Zn are in a 
different chemical environment from those on the undoped ZnO surface. It is striking that the 
Zn 3d binding energy is barely affected probably because it is well-separated from other 
valence states and may be treated as a core-like chemically inert state [16].  
 
Figure 4 shows the comparison of the O K-edge XANES spectra from the undoped ZnO and 
ZnO:Zn nanoparticles. The spectral features predominantly reflect the O 2p conduction band 
states. The region between 530 and 537 eV (peaks A and B) can be attributed mainly to O 2p 
hybridisation with highly dispersive Zn 4s states, which form the bottom of the conduction 
band with peak B at 536.5 eV due to the O 1s → 2p excitation [17, 18]. The region between 
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538 and 550 eV (peaks C and D) can be assigned to O 2p hybridised with Zn 4p states. There 
is an observed difference in the absorption onset between the two specimens of ~ 0.5 eV, 
likely due to the variation of the O 1s binding energy. In addition, and more importantly, in 
comparison with the ZnO:Zn specimen, the spectral features of the undoped nanoparticles are 
broader. This broadening, especially in relation to peak B, has been attributed to the presence 
of oxygen vacancies [19]. The inset of figure 4 shows the Zn L3-edge XANES spectra, which 
mainly reflect the electron transitions Zn 2p → 3d and Zn 2p → 4s [17]. The spectral shape 
and features agree remarkably well with the spectra obtained from crystalline ZnO nanorods 
[17]. There are little differences between the undoped ZnO and ZnO:Zn specimens, indicating 
similar chemical states of Zn atoms in the near-surface regions of the nanoparticles. Thus 
there are no significant Zn defect-related features such as Zn antisites or interstitials. From 
consideration of the photoemission spectroscopy and XANES results it is concluded that 
oxygen-deficient-related defects or oxygen vacancies, rather than Zn defects, are dominant 
factors controlling the luminescent properties of the ZnO nanoparticles. Although the 
stoichiometric deficiency of oxygen in the ZnO:Zn material is less pronounced, it exhibits 
strong green luminescence, indicating the chemical environment of oxygen ions is the 
dominant factor for the emission.  
 
The observation of a strong green emission from the ZnO:Zn surface, together with the results 
from surface analysis, clearly indicates that the luminescence originates from the oxygen 
vacancies present at the particle surface. One obvious mechanism responsible for the 
complete quenching of the NBE emission in ZnO:Zn is efficient energy transfer from excited 
electron-hole pairs to surface oxygen vacancies. It has been suggested that that the holes 
involved in the green luminescence are primarily trapped at the ZnO surface [20]. It is noted 
that the concept of surface recombination is not limited to ZnO. The yellow luminescence of 
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GaN is known to possess similar characteristics to the green emission in ZnO and has also 
been suggested to originate from the surface [21]. The surface may therefore have a crucial 
role in optoelectronic applications of wide band gap semiconductor nanostructures.  
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Figure Captions  
Fig. 1. CL spectra collected from the ZnO:Zn surface at an acceleration voltage of 200 V and 
from the undoped ZnO nanoparticles at 4 kV. The ZnO:Zn spectrum exhibits a broad, strong 
green peak, which can be fitted with two Gaussians centred at 2.50 and 2.26 eV.  
Fig 2. O 1s core-level photoemission spectra obtained from the undoped ZnO and ZnO:Zn 
nanoparticles. The spectra were normalised to the peak height. The spectrum for the undoped 
nanoparticles is broadened with a shoulder on the high-binding-energy side and can be 
resolved into two peaks which correspond to two chemically different environments (inset).  
Fig. 3. Valence band spectra of the undoped ZnO and ZnO:Zn nanoparticles together with 
that of a ZnO(0001) single crystal shown for comparison. The spectra were measured using a 
photon energy hv = 45 eV.  
Fig. 4. O K-edge XANES spectra of the undoped (solid curve) and ZnO:Zn nanoparticles 
(dashed curve). The broadening of the spectral features, particularly in relation to peak B at 
536 eV, is clear. Inset shows a comparison of Zn L3-edge XANES spectra of the nanoparticles. 
All the spectra were normalised so as to give the intensity of unity at 25–30 eV above the 
absorption edge.  
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Fig 4 
 
 
 
 
